Background: The technology to recognize nucleated red blood cells (NRBC) automatically has only recently been developed. Modern hematology analyzers allow for rapid and accurate NRBC counts. The goal of our study was to evaluate NRBC counts and the concentrations of serum transferrin receptor (sTfR) in patients affected by different thalassemia syndromes and hereditary spherocytosis. We wished to gain a better understanding of the meaning of the presence of NRBC in peripheral blood and the relationship of the two parameters with effective and ineffective erythropoiesis in the different thalassemia syndromes. Methods: NRBC counts in peripheral blood were evaluated in a large group of patients with thalassemia (36 thalassemia major, 55 thalassemia intermedia and 61 Sb-thalassemia patients) and compared with data from 29 patients with hereditary spherocytosis; in all the patients the concentration of sTfR was evaluated as an index of global erythropoiesis. Results: The NRBC count showed a good relationship with ineffective erythropoiesis: highest counts were observed in the thalassemia syndromes characterized by almost completely ineffective erythropoiesis. NRBCs were absent in patients affected by hereditary spherocitosis, a disease characterized by effective erythropoiesis.
Introduction
The presence of nucleated red blood cells (NRBC) in the peripheral blood of patients with thalassemia syndromes has long been known (1) . Unfortunately, it is difficult to obtain fast and accurate counts of NRBC using traditional microscopy (2) . The technology to recognize such cells automatically has only recently been developed, and modern hematology analyzers have made fast and accurate NRBC counts possible (3, 4) . In the past, hematology analyzers only gave a flag specific to NRBCs (5) and it was difficult to utilize the NRBC count as a useful hematological parameter. In 1969, it was suggested that a NRBC count of -5% in transfusion-dependent thalassemia patients was a good indication that the patient was being treated appropriately (6, 7) . Subsequently, it has been shown that the severity of erythropoietic stress, as measured by the NRBC count, was suppressed when the hemoglobin concentration was maintained above 10 g/dL (8) , thus indicating that the pool of NRBCs in circulation was a reflection of the degree of ineffective erythropoiesis in thalassemia syndromes (9) . Previous studies showed that the concentration of serum transferrin receptors (sTfR) was the most reliable parameter for the evaluation of global erythropoiesis, either effective or ineffective (10) (11) (12) . The goal of the present study was the evaluation of NRBC counts and the concentration of sTfR in a large group of patients affected by different thalassemia syndromes and hereditary spherocytosis. We wished to gain a better understanding of the meaning of the presence of NRBCs in the peripheral blood of patients, and the relationship of the two parameters with effective and ineffective erythropoiesis in the different thalassemia syndromes.
Materials and methods

Study population
The study population included all patients with severe thalassemia syndromes and hereditary spherocytosis regularly followed in the Authors' Departments. This included 36 Figure 1 Median values of NRBC counts in non-splenectomized patients and in splenectomized patients. NRBC, nucleated red blood cell (values are expressed as absolute number =10 9 /L). T. major, thalassemia major; T. inter, thalassemia intermedia; Sb, Sb-thalassemia; HS, hereditary spherocytosis; NS, non-splenectomized patients; S, splenectomized patients.
Figure 2
Median values of sTfR levels in non-splenectomized patients and in splenectomized patients. sTfR, serum transferrin receptor (levels are expressed as mg/L). T. major, thalassemia major; T. inter, thalassemia intermedia; Sb, Sb-thalassemia; HS, hereditary spherocytosis; NS, non-splenectomized patients; S, splenectomized patients.
patients with thalassemia major (17 males, 29 females, mean ages21 years, range 3-31 years, 20 splenectomized), 55 patients with thalassemia intermedia (25 males, 30 females, mean ages33 years, range 18-63 years, 32 splenectomized), 61 patients with Sb-thalassemia (35 males, 26 females, mean ages41 years, range 18-63 years, 31 splenectomized) and 29 patients with hereditary spherocytosis (13 males, 16 females, mean ages16 years, range 5-44 years, 9 splenectomized). The diagnosis was based on current clinical and laboratory criteria and patients received extensive molecular analysis. The study was approved by the Ethical Committee of ''Umberto 18'' Hospital, Nocera Inferiore (SA), and informed consent was obtained from all patients or their guardians in accordance with institutional guidelines. Samples were collected prior to blood transfusion in patients on chronic transfusion therapy, and at least 3 months following transfusion in all other patients.
NRBC count
The Sysmex XE-2100 analyzer (Sysmex Corporation, Kobe, Japan) gives an accurate count of NRBCs with very good correlation to both traditional microscopy and flow cytometry, the reference method (5). A specific reagent (fluorochrome polymethine dye) completely lyses red blood cells and, at the same time, enucleates, shrinks and slightly stains the NRBC nuclei. The lysing reagent maintains the shape of the white blood cells and intensively stains their intra-cytoplasmatic organelles and nuclei. Differences in the staining of NRBC nuclei and white blood cells, as well as their different volumes, are detected by a semiconductor laser using forward-scattered light and fluorescence. This allows for clear separation of the two cell populations. The values of NRBCs are expressed as the absolute number =10 
sTfR assay
The assay was performed using an automated immunoturbidimetric assay method (IEMA) that utilized a monoclonal antibody (Idea s-TfR-It, Orion diagnostica, Espoo, Finland), and measured with an LX 800 analyzer (Beckman Coulter, Brea, CA, USA). The concentrations of sTfR were expressed as mg/L and compared with those measured in 50 normal controls (1.23"0.23 mg/L, 25 males, 25 females, mean ages32 years, range 10-49 years).
Statistics
The median value of each parameter in the splenectomized and non-splenectomized groups was evaluated using the pvalue of the Mann-Whitney test to assess if the distribution of a single parameter in the two groups was statistically different (p-0.001). The distribution of sTfR and NRBC values was non-Gaussian. Therefore, non-parametric statistical tests such as Spearman's correlation was used. This test assesses the degree of correlation (r-values) between parameter pairs. Positive r-values indicate an indirect correlation (if one parameter increases, the other decreases): parameters were considered to be significantly correlated if they had a p-value -0.01.
Results
NRBCs were absent in patients with hereditary spherocytosis, and present in 36/36 patients with thalassemia major (100% of cases). NRBCs were also present in 48/55 patients with thalassemia intermedia patients (87% of cases) and in 48/61 patients with Sbthalassemia (79% of cases). Figures 1 and 2 show the median values of the NRBC counts and sTfR concentrations in non-splenectomized and splenectomized patients, respectively. As expected, NRBC counts were always higher in splenectomized patients, with the highest counts in patients with thalassemia intermedia. In non-splenectomized patients, the highest counts were found in patients with Sb-thalassemia. Patients with thalassemia intermedia showed the highest concentrations of sTfR. Table 1 shows the median values and statistical difference in NRBCs and sTfR concentrations in splenectomized and non-splenectomized patients with thalassemia major, intermedia, Sb-thalassemia and hereditary spherocytosis. The NRBC counts showed a significant difference only between non-splenectomized and splenectomized patients in the different thalassemia syndromes. The absence of a spleen does not allow for removal of erythroblasts. As a consequence, it makes measurement of circulating NRBCs a more reliable index of ineffective erythropoiesis in these patients. Table 2 shows the correlation between median values of the NRBC count and sTfR concen- trations in patients with thalassemia. The NRBC count and sTfR concentrations showed statistically significant correlation in splenectomized patients only.
Discussion
During the last few decades, technology has provided us with very sophisticated hematology analyzers and new hematological parameters that are often introduced before their full clinical potential is realized. Recently, a rapid, automated and accurate NRBC count has become available, allowing the determination of this parameter in very large groups of patients with thalassemia (3). The analysis of data from this study shows that NRBCs were present in the blood of all patients with thalassemia major, and all but seven patients with thalassemia intermedia; these seven patients had extremely mild clinical features and a genotype characterized by co-inheritance of severe b q or b o alleles with triplicated a-globin genes (aaa/aa or aaa/aaa). NRBCs were particularly increased in splenectomized subjects, as previously reported (3) (4) (5) (6) (7) (8) . NRBC counts in non-splenectomized patients with Sb-thalassemia were higher than in non-splenectomized patients with thalassemia major and intermedia. It is possible that progressive functional asplenia, which occurs over time in patients with Sbthalassemia, makes them more similar to splenectomized patients and thus increasing the NRBC count. Splenectomized patients with thalassemia intermedia, who have the most prominent clinical features of ineffective erythropoiesis, showed the highest NRBC counts. The lowest counts were found in patients with Sb-thalassemia who have much lower ineffective erythropoiesis. These data suggest that automated NRBC counts could be a useful parameter of the degree of ineffective erythropoiesis (10, 11) . The concentrations of sTfR in thalassemia patients and patients with hereditary spherocytosis were increased, while NRBCs were present only in the peripheral blood of patients with thalassemia. sTfR is a reliable estimate of the erythroid compartment mass, together with erythron transferrin uptake (ETU), a ferrokinetic measurement which is not used routinely since it involves the administration of radioactive iron (10) (11) (12) (13) (14) . sTfR concentrations are directly proportional to the number of transferrin receptors on erythroblasts, which in normal subjects falls within a narrow range (15) . However, sTfR concentrations do not distinguish between effective and ineffective erythropoiesis. sTfR concentrations are similar in patients with hereditary spherocytosis and severe thalassemia syndromes, as clearly shown by our data (Figure 2 ). The analysis of combined data from NRBC counts and sTfR concentrations showed that patients with thalassemia major had moderately elevated NRBC counts and moderately high concentrations of sTfR. In these patients global erythropoiesis is only mildly increased due to suppression by transfusion therapy, but residual erythropoiesis is ineffective. Patients with thalassemia intermedia, which is characterized by a high degree of global ineffective erythropoiesis (7), had high concentrations of sTfR and high NRBC counts. Non-splenectomized patients with Sb-thalassemia showed increased NRBC counts, while splenectomized patients with Sb-thalassemia had fewer NRBCs than splenectomized patients with thalassemia major and intermedia. However, sTfR concentrations were increased in both groups of patients with Sb-thalassemia, according to high global and low ineffective erythropoiesis in these patients. Patients with hereditary spherocytosis showed an absence of circulating NBRCs and high sTfR concentrations, in accordance with their increased but completely effective erythropoiesis.
In conclusion, the automated determination of NRBC counts could be useful in the evaluation of patients affected by thalassemia syndromes. This parameter could provide further information not currently deducible from other parameters. The different patterns of NRBC counts and sTfR concentrations suggest that the combined use of both parameters in patients with thalassemia could allow physicians to better define global erythropoiesis and the degree of ineffective erythropoiesis in these patients. This will allow transfusion therapy in patients with severe thalassemia syndromes to be given with greater accuracy.
